• Investigated orexin necessity in cue-food acquisition and extinction learning • Orexin receptor blockade impaired consolidation and recall during acquisition.
Introduction
The motivation to seek and consume food is essential for survival. One neural substrate mediating this motivation is the neuropeptide orexin/ hypocretin (for reviews, see [1] [2] [3] ), which is synthesized within the lateral hypothalamus [4, 5] , a brain region critical for feeding [6, 7] . Specifically, orexin-A is important for appetitive motivation [1] and binds to both orexin receptors, orexin 1 (OX1R) and orexin 2 receptors; however, OX1R has a higher affinity for orexin-A than for orexin-B [5, 8] . Indeed, manipulations that disrupt OX1R signaling interfere with the consumption of standard chow [9] [10] [11] , as well as binge eating for highly palatable foods [12] . OX1R blockade decreases the motivation to work for and seek high fat food [9, [13] [14] [15] , sucrose [16, 17] , and saccharin [18] . Similarly, orexin knockout mice consume smaller amounts of sucrose [19] and are less motivated to work for food [15] . These studies clearly demonstrate orexin is necessary for the motivation to obtain food.
However, food consumption is not only driven by internal, physiological signals, but can also be induced by external, environmental signals through associative learning. Cues previously associated with food can later increase the motivation to obtain and consume food independent of physiological hunger across species [20] [21] [22] [23] [24] . We recently demonstrated that such non-homeostatic, cue-driven consumption also requires orexin signaling [25] . Additionally, orexin neurons are recruited during late Pavlovian cue-food conditioning when cues reliably signal food delivery [26] , and by environmental cues previously associated with food [9, 27, 28] . Nevertheless, whether orexin signaling is necessary during the initial formation of cue-food associations remains unknown.
Here, we used Pavlovian appetitive conditioning to examine if orexin mediates the initial cue-food acquisition and the extinction of these associations. Employing a pharmacological approach, we systemically blocked OX1Rs with the selective antagonist SB-334867 (SB) during the two initial sessions of either acquisition or extinction in two separate experiments. Using a crossover design, we monitored learning in subjects that received either vehicle or SB prior to one or both sessions. This approach allowed assessment of the role of orexin during various phases of learning -the initial acquisition, the consolidation phase, and the recall of the memory. Furthermore, acquisition and extinction are expressed through different behaviors, an increase in responding to a reward and a decrease in responding in the absence of a reward, respectively. Thus, examination of both types of learning allowed for an assessment of orexin signaling function in learning independent of the direction of the behavior and whether the reward was present or not.
Materials and methods

Subjects
Sixty-four, experimentally naïve, male Long-Evans rats (300-325 g) obtained from Charles Rivers Laboratories were used. Rats were individually housed and maintained on a 12 h light/dark cycle (lights on at 06:00). Behavioral testing was conducted during the light phase between 09:00 and 13:00. Rats were given one week to acclimate to the colony room with ad libitum access to water and food (standard laboratory chow) and were handled and weighed daily. All experiments were in accordance with the National Institutes of Health Guidelines for Care and Use of Laboratory Animals and were approved by the Boston College Institutional Animal Care and Use Committee.
Apparatus
Habituation, acquisition, and extinction occurred in the same set of identical behavioral chambers (30 × 28 × 30 cm; Coulbourn Instruments, Allentown, PA), located in a room different from the colony housing room. Behavioral chambers were composed of an aluminum top and sides with one side containing a recessed food cup (3.2 × 4.2 cm), a transparent Plexiglas front with a hinge, a transparent Plexiglas back, and a black Plexiglas floor, and were illuminated with a house light (4 W). Each chamber was contained in an isolation cubicle (79 × 53 × 53 cm; Coulbourn Instruments, Allentown, PA) composed of monolithic rigid foam walls, which contained a ventilation fan (55 dB). A video camera located on the rear wall of each isolation cubicle recorded subjects' behavior during the sessions. The conditioned stimulus (CS) was a 10 s tone (75 dB, 2 kHz), and the unconditioned stimulus (US) was two food pellets (formula 5TUL, 45 mg: Test Diets, Richmond, IN) delivered into the food cup. A computer located in an adjacent room controlled the stimuli and video cameras (GraphicState 3.0, Coulbourn Instruments, Allentown, PA).
Drugs
SB-334867 (SB; Tocris Bioscience, Ellisville, MO, USA) was suspended in a solution consisting of 2% dimethylsulfoxide and 10% 2-hydroxypropyl-b-cyclodextrin (Sigma-Aldrich, St. Louis, MO, USA) in sterile water. SB was administered via intraperitoneal injection (i.p.) at a volume of 2 ml/kg and concentration of 20 mg/kg. SB or vehicle was given 30 min prior to each acquisition session (Experiment 1) or prior to each extinction session (Experiment 2).
Experiment 1: effect of SB on the acquisition of Pavlovian appetitive conditioning
Experimental design is shown in Fig. 1A . Rats were food restricted to gradually reach 85% of their ad libitum body weight, which was maintained throughout the experiment. Prior to acquisition, rats were given one 30 min habituation session to acclimate them to the behavioral chambers. During that session all subjects had access to 1 g of the food pellets (US) in the food cup to familiarize them with the pellets.
Acquisition training commenced the following day. All groups received two identical acquisition sessions on two separate days. During each 34 min session, rats received eight CS-US pairings, where presentations of the CS were immediately followed with delivery of the US. The inter-trial intervals (ITIs) were of variable duration (2-6 min) and were randomly distributed during the sessions. Thirty minutes prior to each session, rats received an injection (i.p.) of either SB or vehicle in a crossover design resulting in four groups: Vehicle/Vehicle (Veh/ Veh), Vehicle/SB (Veh/SB), SB/Vehicle (SB/Veh), and SB/SB (n = 8/ group). The SB/Veh and Veh/SB groups were included to dissociate the impact SB may have on initial learning and consolidation, from memory recall and expression, respectively. The two acquisition sessions were separated by 48 h to eliminate any potential residual drug effects from the first to the second session.
Experiment 2: effect of SB on the extinction of Pavlovian appetitive conditioning
Experimental design is shown in Fig. 1B . A separate group of rats underwent the same food restriction and habituation session as described above. Rats then underwent five, drug free, acquisition sessions, each consisting of eight CS-US pairings occurring at random ITIs (2-6 min). Following acquisition, rats received two extinction sessions, each with eight CS-only presentations. Thirty minutes prior to each extinction session rats received an injection (i.p.) of either SB or vehicle in a crossover design resulting in the same four groups as described for Experiment 1: Veh/Veh, Veh/SB, SB/Veh, and SB/SB (n = 8/group). Extinction sessions occurred 48 h apart to eliminate the possibility of residual drug effects.
Behavioral observations
Observations were made from recordings of animals' behavior during all acquisition and extinction sessions by trained observers unaware of group allocation. The primary measures of learning were expression of food cup behavior and latency to approach the food cup following CS onset. Food cup behavior was defined as standing in front of and directly facing the food cup or displaying distinct nosepokes into the recessed food cup. Observations of animals' behavior were recorded every 1.25 s during the pre-CS, CS, and post-CS periods. The pre-CS period was the 10 s immediately prior to the onset of the CS, and the post-CS period was the 10 s immediately after the cessation of the CS. The number of food cup responses observed was separately summed for each period (pre-CS, CS, and post-CS), converted to a percentage of total time during each period, and averaged for each trial block (two trials per block) and session, for each group. Latency was the time elapsed from the CS onset until the rat approached the food cup during the 10 s CS and 10 s post-CS. After this time, behavior was considered unspecific to the presentation of the CS, and a maximum latency of 20 s was assigned to any trial in which a response was made later or did not occur. Latency for each CS trial block (two trials per block) and session was averaged for each group. Additionally, to ensure SB did not impact overall arousal, potentially confounding results, rats' behavior was scored every 15 s during the ITIs for sessions with drug treatment. Recorded behaviors included sitting, sniffing, walking, rearing, grooming, and food cup behavior. The number of times each behavior occurred was summed and converted to a percentage of the total number of observations.
Data analysis
Behavioral data were analyzed using one-way (Session 1 Treatment; first day of acquisition or extinction) or two-way (Session 1 Treatment by Session 2 Treatment; second day of acquisition or extinction) repeated measures analysis of variance (ANOVA), with CS trial block or pre-CS, CS, and post-CS period as repeated measures where appropriate. Post hoc t-tests were used for any subsequent analyses. SPSS (v.21) software was used for statistical analyses, and the significance value was set at p b 0.05.
Results
Experiment 1: effect of SB on the acquisition of Pavlovian appetitive conditioning
Acquisition 1
Pretreatment with SB did not alter CS-US learning compared to the vehicle group during the first acquisition session (Fig. 2 ). All rats increased food cup behavior across CS presentations as the session progressed ( Fig. 2A Similarly, pretreatment with SB did not affect latency to approach the food cup. Both groups had shorter latencies to the food cup as the session progressed (Fig. 2C) , as shown by a group by CS repeated measures ANOVA effect of CS (F (1, 30) = 10.88, p b 0.001). Both groups had similar average latency responding (p N 0.05; Fig. 2D ).
Additionally, SB treatment did not affect overall arousal, as there were no differences across any behaviors measured during the ITIs, including sitting, sniffing, walking, rearing, grooming, or food cup behavior compared to the vehicle group (all p values N 0.05; Table 1 ).
Acquisition 2
SB treatment affected conditioned responses during the second session of acquisition. All groups increased food cup responding during each CS across the session (Fig. 3A ). An increase in responding to the CS was confirmed with a significant CS effect in a two-way repeated measures ANOVA (F (3, 28) = 12.33, p b 0.001; Fig. 3A) . However, all groups treated with SB had significantly attenuated food cup behavior compared to the Veh/Veh group, specifically during the CS (Fig. 3B) . The ANOVA found a main effect of Acquisition 2 Treatment (F (3, 28) = 4.76, p b 0.05), but no effect for Acquisition 1 Treatment or interaction (ps N 0.05). Post hoc analyses revealed groups given SB prior to Acquisition 1 (SB/Veh, SB/SB) and Acquisition 2 (Veh/SB, SB/SB) had lower food cup responding during the CS presentations compared to the Veh/Veh group (ps b 0.05; Fig. 3B ). There were no differences between SB groups (ps N 0.05). All groups responded similarly during the pre-CS and post-CS periods (ps N 0.05).
All groups significantly decreased latency to approach the food cup as the session progressed (Fig. 3C) . The main effect of CS was confirmed by a two-way repeated measures ANOVA (F (3, 28) = 8.42, p b 0.001). However, groups treated with SB had overall greater latencies to approach the food cup compared to the Veh/Veh group during the session (Fig. 3D) . The two-way ANOVA found a main effect of Acquisition 1 Treatment (F (3, 28) = 7.79, p b 0.01), an approaching main effect of Acquisition 2 Treatment (F (3, 28) = 3.95, p = 0.057), but no interaction (p N 0.05). Post hoc analyses revealed groups given SB prior to Acquisition 1 (SB/Veh, SB/SB) and Acquisition 2 (Veh/SB, SB/SB) were slower to approach the food cup compared to the Veh/Veh group (ps b 0.05).
Similar to Acquisition 1, all groups spent similar amounts of time sitting, sniffing, walking, grooming, and expressing food cup behavior during the ITIs (Table 1) . A minimal difference was found in rearing between two groups. In the two-way ANOVA, there was a main effect of Acquisition 1 Treatment (F (3, 28) = 4.29, p b 0.05), but no effect of Acquisition 2 Treatment or interaction (ps N 0.05). Further analysis showed the Veh/SB group had less rearing compared to the SB/SB group (p b 0.05) with no other differences between groups (ps N 0.05).
Experiment 2: effect of SB on the extinction of Pavlovian appetitive conditioning
A separate cohort of rats underwent five acquisition sessions, drug free. All rats robustly learned the CS-US association across the five sessions of acquisition. These findings were expected given all groups underwent conditioning drug free, and allocated groups are based on drug treatment during extinction. Repeated measures ANOVA confirmed a significant increase in food cup responding, specifically during the CS periods across sessions (F (3, 28) = 90.42, p b 0.001; Fig. 4A ). All groups had similar responding during the pre-CS, CS, and post-CS periods during the last session (ps N 0.05; Fig. 4B ). Additionally, all rats showed a significant decrease in latency across the five sessions (data not shown). A repeated measures ANOVA found a significant decrease in latency to approach the food cup (F (3, 28) = 146.88, p b 0.001), and all groups had similar latencies to approach the food cup during each session (ps N 0.05).
Extinction 1
Pretreatment with SB did not affect extinction learning compared to the vehicle group during the first extinction session (Fig. 5) , evident by a similar decrease in food cup responding during the CS presentations (Fig. 5A) . A group by CS repeated measures ANOVA found a significant effect of CS (F (1, 30) = 3.13, p b 0.01). There were no differences between groups during the pre-CS, CS, and post-CS periods (ps N 0.05; Fig. 5B ).
Latency to approach the food cup after CS onset increased across Extinction 1 (Fig. 5C ), confirming extinction learning. A group by CS repeated measures ANOVA confirmed an effect of CS (F (1, 30) = 2.83, p b 0.01). There were no differences between groups (p N 0.05; Fig. 5D ).
Furthermore, SB treatment did not affect any of the behaviors measured during the ITIs compared to the vehicle group (ps N 0.05; Table 2 ).
Extinction 2
Pretreatment with SB affected the expression of extinction learning during the second extinction session, specifically during the post-CS periods when pellets were previously delivered during conditioning (Fig. 6) . A two-way ANOVA confirmed a main effect of Extinction 1 Treatment (F (3, 28) = 4.93, p b 0.05) during the post-CS period, with no effect of Extinction 2 Treatment or interaction (ps N 0.05). Post hoc analyses confirmed the SB/Veh displayed more food cup behavior compared to the Veh/Veh and Veh/SB groups (ps b 0.05) and the difference approached significance with the SB/SB group (p = 0.07; Fig. 6B ). There were no differences between the other three groups during the post-CS periods (ps N 0.05), and no differences between any groups during the pre-CS or CS periods (ps N 0.05). We also assessed conditioned responding during the first block of the post-CS (Fig. 6A) , and a twoway ANOVA confirmed a main effect of Extinction 1 Treatment (F (3, 28) = 6.64, p b 0.05) and a main effect of Extinction 2 Treatment (F (3, 28) = 6.14, p b 0.05). Post hoc analyses revealed the SB/Veh group had higher responding compared to the Veh/SB (p b 0.05) and Veh/ Veh (p b 0.10) groups, while the Veh/SB group had lower responding than the Veh/Veh group (p b 0.10).
The SB/Veh group maintained faster latencies to respond to the food cup compared to other groups, which showed evidence of extinction learning with longer latencies (Fig. 6C) . A two-way repeated measures ANOVA found a significant effect of CS (F (3,28) = 7.44, p b 0.05) and a CS by Extinction 2 Treatment interaction (F (3,28) = 7.24, p b 0.05) on latency. Post hoc analyses revealed groups given SB prior to Extinction session 2 (Veh/SB and SB/SB) significantly increased their latency during the last two CSs compared to the first two CSs (ps b 0.05; Fig. 6C ). The groups given vehicle prior to Extinction 2 (SB/Veh and Veh/Veh) maintained similar latency responding across the session (ps N 0.05). Additionally, the SB/Veh group was faster to approach the food cup during the last two CSs compared to the Veh/SB and SB/SB groups (p = 0.05 and p b 0.05, respectively) but not the Veh/Veh group (p N 0.05). No differences were found between the other three groups during the last two CSs (ps N 0.05), or during the average latency responding (ps N 0.05, Fig. 6D ). All groups expressed similar behavior during the ITIs, except for sniffing (Table 2) 
Discussion
The current study found that systemic administration of the OX1R antagonist, SB-334867 (SB), attenuated the acquisition and extinction of Pavlovian appetitive conditioning. In Experiment 1, administration of SB prior to the first session of acquisition had no effect on the expression of learning-food cup behavior or latency to approach the food cup-during that session. However, both measures of learning were attenuated during the second session in groups that received SB prior to either the first or second session of acquisition. In Experiment 2, we found a similar pattern, in that SB had an effect during the second, but not the first, extinction session. Specifically, the group that received SB prior to the first session and vehicle prior to the second session showed impaired extinction during the second session. These results demonstrate orexin signaling via the OX1R mediates the acquisition and extinction of cue-food associations.
The learning impairments observed in the current study were not simply due to non-specific changes caused by SB administration either in locomotor activity or in reduced consumption of the training food pellets. The current study used the highest known dose that does not impair locomotor abilities (20 mg/kg), yet is effective in appetitive learning studies (e.g. [25] ). Accordingly, the current study found no effects on several measures of locomotor activity, including sitting, sniffing, walking, rearing, grooming and food cup behavior during the ITIs (with two small exceptions, see Sections 3.1.2 and 3.2.2 for details). Additionally, we found that groups pretreated with SB decreased food cup behavior during acquisition, but maintained food cup behavior at the acquired high levels during extinction. This demonstrates the effects of SB were specific to the expression of learning in the direction distinct to the learning paradigm, rather than changes in locomotion or general arousal. Notably, in the extinction sessions the cue is presented without food pellets, and therefore SB administration specifically interfered with the cue-no reward learning. Finally, during the acquisition sessions all rats retrieved and consumed all delivered food pellets, indicating SB did not interfere with food consumption, even though SB has been shown to decrease consumption [10, 11] .
To our knowledge, this is the first study to demonstrate that orexin signaling is necessary for optimal acquisition of Pavlovian cue-food associations. Our findings suggest that orexin signaling is specifically required for the consolidation and recall of cue-food learning. Orexin blockade during the first acquisition session did not affect conditioned responding within the session, but selectively decreased conditioned responding during the second session when vehicle was administered, suggesting a selective impairment in the consolidation occurred after the first session. SB circulates in the brain and blood for at least 4 h post-injection [29] , indicating a plausible time course to affect consolidation. Impairments in the recall of the acquired learning from the first session were evident by a significant decrease in conditioned responding in the group that received SB during the second session, but received vehicle prior to the first session of acquisition.
The studies here were conducted under food restricted conditions, and the results from Experiment 1 are particularly interesting since all SB groups displayed lower conditioned responding, even though the motivation to seek food should be increased due to food restriction. During periods of hunger, the stomach-derived hormone, ghrelin [30, 31] increases the motivation to eat and seek food [32] [33] [34] and the neural mechanisms of ghrelin involve action on orexin neurons [32, 35, 36] . In the current study specific reduction in conditioned responding caused by OX1R blockade may have interfered with the interaction between ghrelin and orexin.
The current results are in agreement with prior appetitive and aversive behavioral studies that demonstrated an important role for orexin in the acquisition of learning. In appetitive tasks, orexin signaling via OX1R was necessary for instrumental learning [15] and taste preference learning [37] . Additionally, the acquisition and recall of conditioned place preference activated orexin neurons and required signaling at the OX1R for other rewards, including morphine [27, [38] [39] [40] [41] and cocaine [27] , but not alcohol [42] . In a spatial learning task, central administration of SB impaired the acquisition, consolidation, and recall of Morris water maze learning [43, 44] , while orexin-A administration also impaired learning of this task [45] . In aversive paradigms, orexin signaling during fear conditioning and during the consolidation period following training was necessary for successful learning and memory [46] [47] [48] , and orexin also mediates the fear potentiated startle response [49] . Interestingly, orexin blockade enhanced taste aversion learning [37] , and central administration of orexin-A enhanced within session avoidance learning, the consolidation of avoidance learning, and the retrieval of this learning [50] [51] [52] .
Interestingly, a prior study found no differences in conditioned approach behavior between groups repeatedly administered SB or vehicle across seven sessions of cue-food conditioning [13] . Several methodological differences could explain why the current findings differ, including differences in drug concentration and administration timing, the length of training, and procedural differences. Our study used a slightly higher concentration of SB (20 mg/kg versus 15 mg/kg), and the drug was administered 30 min (versus 15 min) prior to behavioral training. There were also differences in the training protocol, including the number of training sessions (2 versus 7), the number of CS-US presentations per session (8 versus 30) , the CSs (tone versus tone and light), and the behavioral measures of learning (percentage of food cup behavior during the CS and latency versus proportion of nosepokes during the CS relative to total nosepokes during the session). Finally, the crossover design in our study enabled comparisons across four different treatment conditions that revealed specific consolidation and recall effects, which would not be possible to assess with fewer groups.
In addition to the SB effects on acquisition, our findings demonstrated OX1R blockade interfered with appetitive extinction learning. Orexin blockade during the first extinction session did not affect conditioned responding within the session; however, when vehicle was administered prior to the second session, conditioned responding was maintained at high levels indicating impaired extinction. These findings suggest SB did not impair the initial extinction learning during the first session, but interfered with the consolidation of that learning. There was no overall effect on recall; however, the Veh/SB group had lower responding during the first block of the second extinction session. This transient effect may reflect better recall of extinction learning or may reflect impaired conditioned responding of recall. It is important to note that this impairment in the SB/Veh group cannot be attributed to a state-dependent learning effect, since the Veh/SB group, which was also in a different state from the first session, did not show a similar overall deficit during the second extinction session. Interestingly, the group that received SB prior to both extinction sessions had similar conditioned responding compared to the Veh/Veh group. One interpretation of these results is that the behavior of the SB/SB group reflects the summation of the SB effects on consolidation and on recall, which were in opposite directions -SB/Veh maintained high conditioned responding, while Veh/SB had transient low conditioned responding.
These findings are in agreement with prior evidence for the role of orexin in extinction. Extinction of lever pressing for sucrose was impaired in female rats by OX1R blockade [17] . Activation of orexin neurons (measured by Fos induction) in response to conditioned cues for food [9, 16, 27, 28] , or drugs [27, [53] [54] [55] during tests conducted without rewards might also reflect a function in extinction. Similar to appetitive tasks, orexin manipulations also interfered with extinction in aversive tasks, however the effects observed were opposite. For example, orexin receptor antagonism facilitated, while orexin-A administration attenuated, fear extinction, and the effects occurred particularly during the consolidation period [46] .
Orexin function during learning could reflect its suggested role in mediating motivation and attention towards biologically relevant events [2, 3, [56] [57] [58] . Impaired learning under SB treatment in the current study could therefore reflect a decrease in motivation, attention, or both during learning. Indeed, orexin signaling is necessary for the motivation to initially seek food [13, [15] [16] [17] [18] 59 ] and drugs ( [59] [60] [61] [62] [63] [64] [65] [66] for reviews, see [1, 3, 67] ), and the motivation to seek reward during extinction [65, 68, 69] . In addition, orexin signaling blockade decreased attention during a signal detection task [70] . Attentional processing in associative learning tasks was impaired by unilateral orexin saporin lesions, which destroyed a majority of orexin neurons within the lateral hypothalamus [71] . Furthermore, central administration of orexin-B, which has a lower affinity for orexin 1 receptors than orexin-A [5] , enhanced accuracy on an attention task [72] .
In the current study orexin signaling at OX1R was blocked systemically, and therefore our results do not indicate the critical neural sites where it acts to mediate the effects observed on appetitive acquisition and extinction. Nevertheless, recent work has identified specific cell groups within the amygdala, the medial prefrontal cortex, and the lateral hypothalamus that are recruited during the acquisition of cue-food associations [26, 73] . These regions contain OX1R [74] [75] [76] and receive projections from orexin neurons [77] making them primary regions of interest for orexin signaling during learning. Additional forebrain regions may be important sites for orexin modulation during food intake and learning, including the paraventricular nucleus of the thalamus [25] and hindbrain regions, including the locus coeruleus [47, 48] and nucleus of the solitary tract [78] . Neural mechanisms of appetitive extinction have been minimally explored, but based on differences in recall between acquisition and extinction observed here, other regions, in addition to the aforementioned areas, could be critical in appetitive extinction learning (for review, see [79] ). For that reason, the recall of extinction may be sufficiently mediated by a brain region without OX1Rs, which would not be affected by SB administration, and would function optimally in the SB treated recall groups, as supported by the current results. Future studies are needed to identify critical neural circuitries where orexin signaling mediates appetitive associative learning and memory.
Conclusions
In summary, the current study demonstrated OX1R signaling mediates cue-food acquisition and extinction learning, and may be necessary for optimal consolidation and recall of learning. These findings are important for understanding the mechanisms underlying food cue driven behaviors. Notably, food cues can drive feeding in the absence of physiological hunger, and that overeating depends on orexin [25] . The evidence provided here that orexin is also critical during the initial acquisition and extinction learning of these food cues, conducted under food deprivation, suggests a common mechanism may mediate the initial encoding and subsequent motivation to overeat in the presence of food cues independent of physiological hunger state.
